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ABSTRACT 
A mud volcano has been emerging since May 2006, in Sidoarjo, Indonesia, as a result of faulty in 
oil drilling. Since then, the mud has submerged more than 700 hectares of productive land, housing 
and industrial areas and infrastructures. To date, the eruption still continues, and there is no sign 
that it will end in the near future. The contents of mud are predominantly SiO2, Al2O3 and Fe2O3 in 
crystalline form, with the total amount more than 80%. This paper reports an attempt to utilize the 
volcanic mud in high volume volcanic mud mortar and concrete. After pre-treatment in the form of 
calcinations and grinding, the volcanic mud was found to be reactive. Treated volcanic mud in the 
amount up to 60% of the total cementitious material was utilized to produce mortar and concrete. 
The main variables were the fineness of the treated mud and the amount of the mud. It was found 
that the particle size of the treated mud plays an important role on the properties of mortar and 
concrete, whereby the finer provides the better properties. With 60% usage of volcanic mud of the 
total mass of cementitious material, the strength activity index (SAI) of the mortar at the age of 7, 
14, 28 and 56 days were found to be more than 80%. This study reveals the potential of volcanic 
mud from Sidoarjo, East Java, Indonesia, to be used as pozzolanic material in high volume volcanic 
mud mortar and concrete. 
Keywords: Volcanic Mud, Strength Activity Index, Calcinations, High Volume, Particle Size. 
1. INTRODUCTION 
The mud volcano in Sidoarjo, Indonesia has been in its seventh year of eruption, causing a very 
destructive impact to the surrounding population; in the economic, social and many other sectors. 
Various attempts have been made to end the disaster; however all have yet to deliver any promising 
solution. The mud volcano discharged approximately 180,000 m
3
 of mud daily, during its peak in 
2007, and it still continues until presently, with daily eruption of 10,000 m
3
 (Hardjito et al. 2013). 
Till date, the mud volcano has covered area of no less than 700 hectares, surrounded by cover dam 
about 12 m in height. This enormous amount of material has not been used, and it is considered 
only as waste material. Initial attempt to use the volcanic mud was not successful, especially due to 
the inert condition of the mud. The inclusion of volcanic mud into concrete mixture could only lead 
to lower workability and significant loss of strength.  
From previous research, it was found that calcinations at temperature higher than 700°C and milling 
the mud until its particle sizes smaller than 150μm, was able to activate the volcanic mud and hence 
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improve its reactivity of otherwise an inert materials (Nuruddin et al. 2010; Antoni et al. 2012). It 
was shown that the mud could be used as partial substitute for the Portland cement with only 
slightly lower compressive strength. Hardjito et al. (2012) reported their success in using semi high 
volume of Sidoarjo volcanic mud up to 40% of cement replacement by using smaller particle size of 
the milled mud (<63μm). In this study, further attempt to utilize the volcanic mud in a higher 
volume as cement replacement has been carried out. Cement replacement with mud, up to 60% by 
mass, was evaluated to determine its effect on the physical and mechanical properties of mortar and 
concrete. The effect of the particle size on the reactivity of mud and the workability of the fresh 
mixture were also investigated and reported in this paper. 
2. MATERIALS AND METHODS 
2.1. Heat treatment and milling 
The treatment process was divided into several steps, as follows: molding the wet mud into 
rectangular brick form, then drying it in the oven at temperature of 110°C for one day, followed by 
at temperature 200°C for another day to reduce any smoke that could arise during heating. 
Calcination was performed at local brick manufacturer. The maximum temperature measured for 
the process was 945°C. The temperature for the calcination process was increased gradually to 
reach a peak temperature in about 36 hours, kept the temperature for about 5 hours, and then cooled 
down slowly to room temperature that took about 12 hours. Figure 1 shows the volcanic mud 
material in different heat treatment stages. 
 
Figure 1: Mud conditions (a) wet mud,  
(b) after oven dried and (c) after calcination 
    
Figure 2: Rod Mill used for grinding the material 
The treated mud was then milled to obtain particle fineness of smaller than 63μm. Rod mill used to 
mill the treated mud is shown in Figure 2. Milling was performed utilizing mash force between the 
(c) (b) (a) 
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iron bars in the steel drum and the mud material. The drum was rotated at constant speed for the 
duration of 2, 4 and 8 hours to obtain different particle fineness.  
Particle size analysis was conducted on the milled materials and the results are shown in Error! 
Not a valid bookmark self-reference.. Longer milling time resulted in a finer material as shown in 
the table, where D50 of the material was shown to reduce from 15μm to 8μm with the addition of 2 
hours processing. However, additional 4 hours of processing only reduced the D50 into about 6μm. 
Specific Surface Area (SSA) of the material increased with the increase of milling time. SSA of 
1.30 m
2
/g, 2.24 m
2
/g and 2.58 m
2
/g were recorded for 2 hours, 4 hours and 8 hours milling, 
respectively. 
Table 1: Particle Size Distribution for the milled volcanic mud 
Milling Duration D10 D50 D90 Specific Surface Area 
 (μm) (μm) (μm) (m2/g) 
2 hours 1.832 15.180 475.604 1.30 
4 hours 0.937 7.991 114.402 2.24 
8 hours 0.768 6.632 342.661 2.58 
2.2. Materials 
The results of an X-ray fluorescence (XRF) analysis conducted on calcined mud are shown in Table 
2. For comparison, the XRF analysis of previous research was tabulated also (Nuruddin et al. 2010). 
It was shown that there was similar oxide composition of the mud taken from different period of 
time. The silicon oxide, alumina oxide and ferrous oxide were the highest components in the mud. 
According to ASTM C618 (2005), a material is classified as pozzolanic material if the total content 
of compounds SiO2, Al2O3 and Fe2O3 is minimum 70%, mass loss due to burning is maximum 10% 
and SO3 content is maximum of 4%. With this definition, the Sidoarjo mud after treatment can be 
classified as a pozzolanic material. 
Table 2: XRF analysis result of Sidoarjo Mud Volcano 
Oxide 
Mud used in this 
study 
(%) 
Nuruddin et al. 
2010 
(%) 
 
Oxide 
Mud used in this 
study 
(%) 
Nuruddin et al. 
2010 
(%) 
CaO 2.13 4.90  MnO2 0.14 0.21 
SiO2 56.75 54.90  Cl 0.00 1.14 
Al2O3 23.31 20.44  P2O5 0.00 1.06 
Fe2O3 7.37 10.64  Br 0.00 0.01 
K2O 1.04 2.35  TiO2 0.38 1.16 
MgO 2.95 1.76  SrO 0.00 0.07 
SO3 0.96 1.31  Na2O 2.70 0.00 
 
Portland Pozzolan Cement (PPC) produced by Semen Gresik was used in the study, as the Ordinary 
Portland Cement type I was not available in the local market anymore. Sand was obtained from 
local quarry in Mojokerto with fineness modulus (FM) of 2.4 and specific gravity of 2.78. Crushed 
stone with fineness modulus of 7.66 was used to make concrete. 
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2.3. Specimens and testing 
Reactivity of the treated Sidoarjo mud was investigated on mortar cubes of 5×5×5 cm
3
. The binder 
to sand ratio by mass was kept constant at 1:2.29, while the water to binder ratio was 0.35 by mass. 
The binder or cementitious materials comprised of a combination of cement and treated volcanic 
mud. High volume of cement replacement was the main focus of this study. Therefore, the cement 
replacement was set at 50%, 55% and 60% by mass, while no-mud specimens were made for a 
reference or control. A polycarboxylate-based superplasticizer was added at 1.5% of binder mass to 
increase the workability of mortar mixes.  
One concrete mix was also made to verify the result, with the binder or cementitious content was set 
at 423 kg/m
3
, sand at 910 kg/m
3
, and course aggregate at 986 kg/m
3
. The same water to cement 
ratio of 0.35 was used and 0.4% superplasticizer was added for good workability. 
Compressive strength test was conducted on age 7, 14, 28 and 56 days with three specimens for 
each age. For each mortar mixture, flow table test was conducted according to ASTM C1437 (2007). 
Curing of the mortar specimens were conducted by immersing in water and taken out one day 
before the compressive testing. The Strength Activity Index (SAI) calculated as the ratio of 
compressive strength of mortar or concrete containing high volume of pozzolanic material and the 
ones containing no pozzolanic material to determine the reactivity of the cement substituting 
material. 
3. RESULTS AND DISCUSSIONS 
3.1. Activation of mud by milling 
Table 3: Compressive Strength of the mortar cube, percentage of 28 days strength  
and the Strength Activity Index 
 
7 days 14 days 28 days 56 days SAI 28 days SAI 56 days 
Code MPa % MPa % MPa % MPa % % % 
No mud 42.00 80.77 51.73 99.48 52.00 100.00 54.67 105.13 100.00 100.00 
SM50G2 29.07 73.91 36.13 91.86 39.33 100.00 44.13 112.20 75.63 80.72 
SM55G2 26.93 71.62 33.60 89.36 37.60 100.00 42.53 113.11 72.31 77.79 
SM60G2 26.27 70.11 35.07 93.59 37.47 100.00 41.60 111.02 72.06 76.09 
SM50G4 31.47 67.24 37.73 80.62 46.80 100.00 52.67 112.54 90.00 96.34 
SM55G4 29.60 66.07 35.07 78.28 44.80 100.00 49.47 110.42 86.15 90.49 
SM60G4 29.07 73.41 31.20 78.79 39.60 100.00 41.07 103.71 76.15 75.12 
SM50G8 40.40 79.53 47.73 93.96 50.80 100.00 52.20 102.76 97.69 95.48 
SM55G8 36.53 80.11 44.67 97.96 45.60 100.00 50.27 110.24 87.69 91.95 
SM60G8 37.73 83.47 43.07 95.29 45.20 100.00 49.47 109.45 86.92 90.49 
 
The compressive strength of the mortar cubes for different ages of testing is shown in Table 3. The 
level of cement replacement of 50%, 55%, 60% with treated volcanic mud is designated with code 
SM50, SM55 and SM60, respectively. Milling time of 2, 4 and 8 hours is designated with code G2, 
G4 and G8, respectively. Compressive strength of the reference mortar is 52 MPa for 28 days and 
54.67 MPa for 56 days. As for the mortar cubes containing volcanic mud, the strength at 56 days 
varies from 41.6 MPa to 52.7 MPa for different mixture composition. The strength increase of the 
mortar specimens containing mud is seemed to be very pronounced for most specimens at latter age 
of 28 and 56 days.  
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The variation of the cement replacement ratio by mud on the compressive strength is not so 
influencing compared to the milling time. Similar compressive strength was obtained for mortar 
specimens containing mud of the same grinding condition with different cement replacement ratio. 
This is understandable since the difference in replacement ratios is small. The Strength Activity 
Index (SAI) is also shown in Table 3 for 28 days and 56 days compressive strength of the mortar 
cubes. At 56 days, all mixes have SAI above 75%. On the other hand, at 28 days strength mortar 
with 55% and 60% cement replacement with calcined mud, milled for 2 hours time, do not comply 
with this requirement. 
  
 (a) (b) 
 
(c) 
Figure 3: Compressive Strength of the mortar with different percentages of cement 
replacement and milling time of mud of (a) 2 hours, (b) 4 hours and (c) 8 hours 
 
The compressive strength development with different milling time and cement replacement ratios 
are shown in Figure 3. It is shown that there are significant differences in pozzolanic reactivity of 
calcined volcanic mud with different milling time. Graph with 2 hours milling time (Figure 3a) 
shows similar compressive strength developments of mortar-with-mud and mortar-with-no-mud 
specimens, but with lower strength. Graph with 4 hours milling time (Figure 3b) shows some 
increase in the reactivity of mud in mortar-with-mud with cement replacement of 50% and 55%, but 
no later age increase is observed for the 60% replacement. Graph with 8 hours milling time (Figure 
3c) shows compressive strength of mortar-with-mud that almost as good as the no-mud specimen, 
with up to 95% SAI for 50% replacement ratio. These results show that particle fineness determined 
by milling time of the calcined volcanic mud has a very significant role in influencing the 
pozzolanic reactivity of the mud. 
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Table 4 shows the compressive strength concrete utilizing the treated volcanic mud milled for 8 hours. 
Compressive strength of 37.63 MPa was achieved for concrete specimen with 50% cement 
replacement using the treated mud. The Strength Activity Index is slightly lower than the mortar 
specimen, but it still shows a high percentage more than 75%, showing that the treated mud has an 
excellent pozzolanic reactivity for making high volume volcanic mud concrete. 
Table 4: Compressive Strength and SAI of concrete specimen 
Age 7 days 14 days 37 days 56 days 
Code 
fc’ 
(MPa) 
SAI 
(%) 
fc’ 
(MPa) 
SAI 
(%) 
fc’ 
(MPa) 
SAI 
(%) 
fc’ 
(MPa) 
SAI 
(%) 
no mud 32.74 100.00 34.96 100.00 37.7 100.00 42.963 100.00 
SM50G8 22.52 68.78 29.41 84.12 34.07 90.37 37.63 87.59 
3.2. Effect of particle size on workability 
The result of the flow table test is shown in Figure 4. It seems that there is significant increase in the 
workability of mortar with the increase of milling time of mud. On the contrary to common 
understanding that mortar containing finer particle materials usually shows lower workability, the 
use of treated volcanic mud causes higher workability when its particle is finer. This result could be 
due to larger particle size of the mud have greater friction within the mortar mixture and resulting in 
lower workability. In addition, the particle shape after milling also might influence the workability 
of the mortar mixes. 
 
Figure 4: Increase of the mixture workability with increase of milling time 
4. CONCLUSIONS 
From the current study, the following conclusions are drawn: 
1. It is possible to use high volume of treated volcanic mud to produce a good quality mortar and 
concrete. The treated volcanic mud can replace at least up to 60% cement by mass with Strength 
Activity Index (SAI) higher than 75%. 
2. Longer milling time increases the treated volcanic mud particle fineness and thus increases its 
reactivity. Using volcanic mud milled for 8 hours with SSA 2.58 m
2
/g ends up with SAI of more 
than 90% after 56 days. 
3. Finer particle size of the treated volcanic mud increases the workability of the mixture.  
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